We present a low-temperature ͑mK͒ magnetotransport study, using intense pulsed magnetic fields to 50 T, of two double GaAs quantum well, triple AlAs barrier resonant tunneling structures, which demonstrates the critical influence of the second quantum well on the tunneling behavior. We show that charge accumulation in the first well, and thus the overall tunneling characteristic, is controlled by the position of the lowest bound state in the second well, and identify tunneling transitions that are unique to triple-barrier structures. We also demonstrate that the tunneling current is sensitive to integer and fractional quantum Hall effect states, and find that the voltage-tunable accumulation of charge in one of the samples provides an unusual environment for the study of ground states of a two-dimensional electron system. ͓S0163-1829͑96͒06431-4͔
I. INTRODUCTION
Resonant tunneling processes in semiconductor heterostructures have attracted much interest since the pioneering experiments of Chang, Esaki, and Tsu, 1 due to both the wealth of physical phenomena which can be studied and the significance of potential device applications. Many studies have focused on single-quantum-well, double-barrier resonant tunneling structures ͑DBRTS's͒ in which elastic tunneling from the emitter when aligned to bound states in the well leads to sharp current peaks and negative differential resistance ͑NDR͒ in the tunneling characteristic. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Intrinsic bistability has been observed in asymmetric DBRTS's and has been related to the accumulation of charge in the well which occurs when the collector barrier is thicker than the emitter barrier, inhibiting current flow out of the well. [3] [4] [5] [6] [7] [8] Weaker peaks at higher bias in the tunneling characteristic have been associated with inelastic tunneling processes. [9] [10] [11] [12] [13] [14] [15] Elastic and inelastic tunneling processes have also been identified in triple-barrier resonant tunneling structures ͑TBRTS's͒. [16] [17] [18] [19] [20] [21] [22] [23] [24] Our measurements of two selected GaAs/ AlAs TBRTS's at low temperatures and in high magnetic fields demonstrate the critical role played by the second well in determining the overall tunneling characteristic. In sample A, when the emitter and the lowest bound state in the first well are aligned ͑primary resonance condition͒, the lowest bound state in the second well is at a higher energy, causing charge to accumulate in the first well. In contrast, at the primary resonance condition in sample B, the lowest bound state in the second well is at lower energy, preventing significant charge accumulation in the first well.
Beyond the primary resonance in sample A, we identify a GaAs longitudinal-optic-͑LO-͒ phonon emission assisted transition from the emitter to a coupled well state. In sample B, we find that the primary resonance is enhanced by a ''double resonance'': a GaAs LO-phonon emission assisted transition from the first to the second well, which occurs as a simultaneous complement to the elastic transition from emitter to first well, resulting in a significant increase in the peak tunneling current and current peak to valley ratio.
The tunneling current at the primary resonance in sample A exhibits magneto-oscillations, which correlate with quantum Hall effect ͑QHE͒ states associated with a constant twodimensional ͑2D͒ electron density. A maximum at ϳ30 T at mK temperatures, which correlates with Landau-level filling factor ϭ2/3, provides evidence for the sensitivity of the tunneling current to fractional QHE ͑FQHE͒ states.
We have observed Shubnikov-de Haas ͑SdH͒ oscillations in both current and differential conductance allowing the determination of 2D electron densities in the first well and in the emitter in sample A. Sensitivity of the tunneling current to FQHE states, and the presence of a tunable, low-density, 2D electron system ͑2DES͒ in the first quantum well, makes vertical tunneling in these samples a useful probe of 2D electron ground states in the extreme quantum limit. Table I details the layer structure of the two samples as grown by molecular-beam epitaxy ͑MBE͒. Mesas ͑ranging from 2-to 64-m squares on a single chip͒ were defined by standard photolithography and wet chemical etching. Forward bias is defined as electron flow from the top contact ͑denoted emitter in Table I͒ into the wider well ͑denoted well 1͒ first.
II. SAMPLES
The band structures of the samples were modeled by a self-consistent Poisson solution, treated in a finitetemperature Thomas-Fermi approximation. 25 The application of a bias voltage across the structure causes a relative shift in energy levels which we have calibrated using voltage/energy conversion ratios ͑␣͒ calculated from the model. The distortion of the potential distribution throughout the structure resulting from the accumulation of charge in the wells is not intrinsically accounted for by the model. Where charge accumulation is significant, we have simulated its effect by explicitly redefining the modeled potential distribution.
III. I"V… MEASUREMENTS

A. In zero magnetic field
In zero magnetic field, the measured tunneling current will comprise two components: elastic peaks due to resonant transmission of electrons between aligned energy states, and an inelastic background signal due to scattering which also exhibits peaks when the energy associated with processes such as plasmon or phonon emission matches the energy difference between final and initial states. Figure 1 shows the forward bias tunneling characteristics of ͑a͒ sample A, 64-m device and ͑b͒ sample B, 64-m device ͑solid line͒ and 2-m device ͑dashed line͒ in zero magnetic field at 1.8 K. The tunneling characteristics are expressed in terms of current density (J) to aid comparison between devices of different sizes. The steplike structure observed in the region of NDR in the 64-m device for sample B ͓Fig. 1͑b͒, solid line͔ is an extrinsic effect arising from oscillations in the circuit current. 6, 26 All subsequent forward bias measurements of sample B were performed on a 2-m square device resulting in a smooth tunneling characteristic ͓Fig. 1͑b͒, dashed line͔.
The left inset to Fig. 1͑a͒ is the modeled conduction-band profile for sample A at the tunneling threshold ͑arrowed at 150 mV͒. Modeled wave functions in each well are shown zeroed on the corresponding energy levels. The tunneling current clearly arises from resonant transmission of charge from the emitter to the lowest bound state in well 1 ͑denoted an e→1 transition͒. Throughout the voltage range of this transition, the lowest bound state in well 2 is at a higher energy and thus appears as part of a thick collector barrier. This results in the accumulation of charge in well 1 ͑the charge density is measured directly using SdH oscillations in Sec. V͒. The situation is analogous to charge accumulation in an asymmetric DBRTS. [3] [4] [5] [6] [7] [8] The screening effect of the charge accumulated in well 1 causes most of an additional bias voltage increment to be dropped across well 2, the collector barrier and the collector depletion region, so that the well 1 state is at a higher energy ͑relative to the emitter͒ than in the absence of charge accumulation. [5] [6] [7] This effect is accounted for in the modeled conduction-band profile ͓right inset to Fig. 1͑a͔͒ at the primary resonance peak ͑arrowed at 305 mV͒, which shows strong coupling between the lowest bound states in wells 1 and 2 ͓wave functions in the right inset to Fig. 1͑a͔͒ . This provides a mechanism, unique to multiple-quantum-well structures, by which the charge accumulated in well 1 may escape, leading to a redistribution of potential throughout the structure.
The inset to Fig. 1͑b͒ is the modeled conduction-band profile for sample B at the primary resonance peak of the 64-m device ͑390 mV͒ as arrowed. Once again, this peak is clearly identified as an e→1 transition, however, in this sample the lowest bound state in well 2 is at a lower energy than that in well 1 throughout the voltage range of the resonance, providing a path for inelastic transmission out of well 1. SdH measurements indicate no charge accumulation in well 1 in this sample. 24 We note that at 390 mV, the modeled energy separation between the lowest bound states in each well is in fact very close to the GaAs LO-phonon energy of 36 meV ͑Ref. 13͒ and conclude that the e→1 transition is enhanced by a simultaneous GaAs LO-phonon emission assisted 1→2 transition. We denote this double resonance e→1 ϩ1→2 ͑LO GaAs ͒. 27 In this sample, the double resonance leads to a dramatically increased peak tunneling current and current peak to valley ratio. We emphasize that the fundamental difference between samples A and B is the relative energy of the lowest bound states in each well over the bias range of the primary resonance.
B. In strong magnetic fields
The application of a magnetic field perpendicular to the layers leads to quantization of the emitter and quantum-well energies into Landau levels of energy E n ϭ(nϩ 1 2 )ប c ͑where c ϭeB/m* is the cyclotron frequency and nϭ0,1,2, . . . the Landau-level index͒. Elastic transitions obey a ⌬nϭ0 selection rule associated with momentum conservation; however, a ⌬nϭ0,1,2, . . . fan of inelastic interLandau-level transitions may be observed in magnetic field. [10] [11] [12] [13] [14] Magnetotransport in resonant tunneling structures is consequently a useful spectroscopic probe of inelastic tunneling processes.
Sample A was mounted in a 3 He cryostat in the bore of a 20-ms, 60-T-pulsed magnet coil for studies with a magnetic field applied parallel to the flow of current. I(V) measurements were made on the 64-m device using a fast ͑2 ms͒ voltage ramp centered on the maximum of the magnetic-field pulse. A full description of this measurement technique has been previously published. 19 Overlap measurements were performed with sample A mounted in a 4 He cryostat/13-T superconducting magnet. Fast voltage ramps in pulsed and steady fields produced identical results. I(V) measurements in steady fields using fast voltage ramps and conventional slow voltage ramps showed differences at high fields. Beyond 8 T, bistability of the primary resonance in forward bias was observed in fast voltage ramps only, as shown, for example, at 15.6 T in Fig. 2 . In this region of bistability, an additional peak appears in the decreasing voltage sweep. In recent measurements of a DBRTS using an active load-line measurement technique to probe the normally inaccessible bistable region, similar structure was observed and identified with plasmon emission assisted tunneling. 28 The voltage positions of tunneling current peaks for sample A are detailed in Fig. 3 ͑center͒ with examples of measured J(V) data for the extreme fields ͑0 T, 48 T͒ shown at the bottom and top. The closed and open circle data in Fig.  3 ͑center͒ represent the voltage positions of strong and weak ͑identified in d 2 I/dV 2 only͒ peaks, respectively, measured from the increasing voltage sweep. For completeness, the voltage positions of the primary resonance peak and additional structure measured from the decreasing voltage sweep ͑as discussed above͒ are represented by cross data. All data in the remainder of this paper are drawn from increasing voltage sweeps.
The e→1 transition identified in the zero-field data is still the dominant peak at 48 T ͑Fig. 3, top͒. In Fig. 3 ͑center͒, this transition is marked with a solid vertical line as a guide to the eye. At 0 T, a broad peak is visible beyond the primary resonance ͑Fig. 3, bottom͒. As the magnetic field increases, two overlapping peaks are resolved in this voltage range, as seen most clearly at 48 T ͑Fig. 3, top͒. These peaks are marked with solid vertical lines at 350 and 380 mV as guides to the eye in Fig. 3 ͑center͒. The peak at 380 mV is identified as a GaAs LO-phonon emission assisted e→1 transition, as observed in DBRTS's. [9] [10] [11] [12] [13] [14] Modeling shows alignment and therefore strong coupling of the lowest-energy levels in each well at ϳ350 mV and thus we interpret the peak at 350 mV as an enhancement of the low bias shoulder of the 380-mV peak, due to the increased efficiency of transmission through the structure when the two wells are aligned over a narrow voltage range. This process involving a coupled well state is unique to TBRTS's. The peaks at 350 and 380 mV are both associated with GaAs LO-phonon emission assisted tunneling and are correspondingly labeled e→1ϩ2 ͑LO GaAs ͒ and e→1 ͑LO GaAs ͒, respectively.
For the e→1 ͑LO GaAs ͒ transition, an inter-Landau level fan for ⌬nϭ1-5 is marked with solid positively sloped lines in Fig. 3 ͑center͒ extrapolating back to the ⌬nϭ0 transition at Bϭ0 T. The measured ⌬nϭ1 slope of 5.9 mV/T compares well with a modeled slope of ␣ប c ϭ6.2 mV/T. Another ⌬nϭ1 inter-Landau level transition with a slope of 11.3 mV/T extrapolates back to the e→1ϩ2 ͑LO GaAs ͒ transition at Bϭ0 T. This represents a transition between the two wells for which the modeled ⌬nϭ1 slope is 11.7 mV/T.
The e→1 ͑LO GaAs ͒, ⌬nϭ0 transition should be separated from the e→1, ⌬nϭ0 transition by the GaAs LO-phonon energy of 36 meV. 13 This would place the e→1, ⌬nϭ0 transition ͑in the absence of charge accumulation͒ at ϳ250 mV, as shown by the dashed vertical line in Fig. 3 ͑center͒. This assignment is supported by the identification of e→1, ⌬n ϭ1-2 transitions ͑marked with positively sloped dashed lines͒ at higher bias ͑and, therefore, unaffected by the charge accumulation͒, which extrapolate back to ϳ250 mV at Bϭ0 T. The measured ⌬nϭ1 slope of 5.2 mV/T compares reasonably with the modeled slope of 6.2 mV/T. In this case, the ⌬nϭ0 selection rule for elastic transitions has been broken, most probably through scattering mechanisms associated with impurities or layer thickness variations. 14, 15 In sample B, the primary resonance identified in zero field ͓e→1ϩ1→2 ͑LO GaAs ͔͒ remains the dominant feature as the magnetic field is increased to 13 T. Much weaker structure observed at higher bias is attributed to e→1 GaAs and AlAs LO-phonon emission assisted transitions. Figure 4 shows striking magneto-oscillations in the peak tunneling current at the primary resonance for sample A in forward bias. The voltage position of the primary resonance peak also oscillates slightly, as can be seen in the deviation of closed circle data from the solid vertical line labeled e→1 in Fig. 3 ͑center͒. The important feature of Fig. 4 is that the oscillation maxima correlate with QHE states ͑as marked͒ associated with a 2D electron density (n s ) of 4.5ϫ10 11 cm
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IV. VERTICAL TRANSPORT AS A PROBE OF THE QHE
Ϫ2
. Our identification of a maximum at ϳ30 T in the 0.35-K data ͑closed circles͒ with a FQHE state at ϭ2/3 is supported by the observed weakening of this structure at 2 K ͑open circle data͒, as the FQHE energy gap is of the order of this temperature difference. The integer filling factor maxima are unchanged at 2 K, as the IQHE energy gaps are, in general, substantially larger.
A ϭ1/3 FQHE state in a 2D emitter has been identified in magneto-oscillations of the primary resonance peak position ͑but not the peak current͒ in a DBRTS. 29 The location of the 2D charge system that forms the ϭ2/3 FQHE state identified here at precisely the primary resonance is not completely clear, although in the following section magnetooscillations at lower bias are unambiguously identified with charge in well 1.
V. I"B… AND g"B… MEASUREMENTS AND THE EXTREME QUANTUM LIMIT
SdH oscillations were observed in the tunneling current as magnetic field was swept ͑using both slowly ramped and ms pulsed fields͒ at a constant voltage. The differential conductance (gϭdI/dV) exhibited similar ͑but stronger͒ oscillations, measured in slowly ramped magnetic fields using ac lock-in techniques with a small ac modulation of the bias voltage. The 2D electron density (n s ) was calculated from the fundamental frequency of the oscillations, 5 assuming spin splitting of Landau levels is unresolved, and is shown for sample A in Fig. 5 as a function of forward bias voltage.
I(B) measurements in pulsed and steady fields and g(B)
measurements in steady fields yielded the same values of n s .
We identify two branches of n s (V) data in Fig. 5 . The first extrapolates to n s ϭ0 at the tunneling threshold ͑150 mV͒ and reaches a maximum of n s ϭ3ϫ10
11 cm Ϫ2 just beyond the e→1 peak ͑305 mV͒. We identify these data with electrons accumulated in well 1 and denote this density n w in Fig. 5 . This behavior is similar to that observed in asymmetric DBRTS's. 5 The second set of data follows a straight line trajectory of smaller gradient, observable only beyond the e→1 peak. This is identified with charge in the 2D accumulation layer in the emitter ͑density denoted n e in Fig. 5͒ , which forms beyond 305 mV when charge is ejected from the well and the potential throughout the structure is redistributed. The slopes dn w /dV and dn e /dV are directly related to the capacitance between the 2D charge and the collector. The decrease in slope between these two data sets is consis- tent with the 2D charge switching from the well to the emitter beyond the e→1 peak. Values of dn w /dV and dn e /dV obtained from Fig. 5 agree well with the modeled capacitance of the MBE grown structure. The measurement of n w confirms our interpretation ͑in Sec. III͒ of charge accumulation over the bias range of the primary resonance.
We note from Fig. 5 that by varying the forward bias voltage, the well density can be tuned through a range low enough to access the extreme quantum limit ͑Ӷ1͒ in high magnetic fields. This raises the exciting prospect that vertical transport may provide an alternative to conventional ''inplane'' transport measurements for the study of the lowtemperature, high-magnetic-field ground states of a 2DES. In particular, we are interested in the effect of magnetically induced Wigner crystallization of the accumulated 2D well charge on the tunneling current. Our experience of measurements in this regime suggests that we need to access the range beyond ϭ 1 5 at temperatures below 300 mK. We have consequently carried out preliminary measurements on sample A in a 3 He/ 4 He dilution refrigerator/17-T superconducting magnet. Figure 6 shows differential conductance oscillations in magnetic field at a constant bias of 230 mV ͑corresponding to a well density of 1.5ϫ10 11 cm
Ϫ2
͒ and temperature of 200 mK. We observe clear minima in g(B) at IQHE states ͑as marked͒. In the extreme quantum limit, some structure is apparent in the region around ϭ 2 3 . While these initial measurements are limited by the field range of the superconducting magnet, they clearly demonstrate an ability to access the extreme quantum limit with vertical transport. This work is continuing in a specially configured 3 He/ 4 He dilution refrigerator/60-T pulsed magnet system.
VI. CONCLUSION
In summary, we have studied resonant tunneling processes in double-well, triple-barrier heterostructures at low temperatures and in magnetic fields up to 48 T, demonstrating the critical influence of the second quantum well on charge accumulation in well 1 and thus on the overall tunneling characteristic. We identify two transitions specific to TBRTS's: GaAs LO-phonon emission assisted tunneling from the emitter to coupled well states in sample A, and a double resonance ͑elastic tunneling from the emitter to well 1 complemented by simultaneous GaAs LO phonon emission assisted tunneling from well 1 to well 2͒ in sample B resulting in significant enhancement of the tunneling current. We have demonstrated that the vertical tunneling current provides a probe of the ground state of a 2D electron system, having found evidence for a ϭ 2 3 fractional quantum Hall effect state in oscillations of the peak current, and structure in g(B) measurements in the extreme quantum limit.
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